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1.  INTRODUCTION 


Tests  were  conducted  at  the  Naval  Surface  Weapons  Center  (NSWC, 
White  Oak,  MD,  Laboratories)  supersonic  wind  tunnel  facility  on  19  and 
20  July  1977  to  determine  the  output  characteristics  of  a ram-air- 
driven  power  supply  being  developed  for  a high-altitude  rocket. 

Figure  1 shows  the  fluidic  generator  power  supply  mounted  in  a fuze 
ogive.  During  flight,  air  enters  the  generator  through  the  single 
entrance  port  in  the  nose  and  leaves  through  exhaust  ports  uniformly 
spaced  around  the  circumference  of  the  ogive.  In  the  passage  through 
the  generator,  the  air  vibrates  a resonant  chamber  which  transmits  its 
oscillations  through  a mechanical  diaphragm  and  rod  to  a reed  which 
switches  magnetic  flux  within  a coil,  thereby  inducing  a voltage  at  the 
coil  terminals. 


EXHAUST 


Figure  1.  Air  passage  through  ogive  containing  fluidic 
generator  power  supply. 


The  availability  of  ram  air  with  sufficient  energy  to  power  the 
generator  depends  on  the  flight  trajectories  of  the  proposed  rocket. 
The  rocket  is  launched  from  rest  or  from  an  aircraft  moving  at  subsonic 
speeds.  The  launch  altitude  varies  from  sea  level  to  10,000  ft 
(3048  m) . Within  the  first  second  after  launch,  the  rocket  for  all 
trajectories  reaches  supersonic  velocity  and  remains  in  the  supersonic 
flow  regime  throughout  the  trajectory,  with  flight  times  ranging  from 
30  to  120  s.  Maximum  flight  Mach  numbers  of  2.75  are  attained.  The 
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wide  variation  in  Mach  number  and  altitude,  which  can  be  as  high  as 
62,500  ft  (19,050  m)  when  the  rocket  is  launched  from  10,000  ft 
(3048  m)  causes  the  available  pneumatic  energy  to  the  fluidic  generator 
to  vary  over  a wide  range. 

Two  extremes  of  the  flight  regime  are  important  in  the  design  of 
the  power  supply.  The  first  regime  occurs  in  the  high-altitude 
trajectory.  The  pneumatic  energy  reaches  a minimum  value  near  the 
apex,  and  a laboratory  testing  procedure  is  needed  to  insure  that  the 
power  supply  will  provide  sufficient  voltage  to  the  fuze  load  at  these 
conditions.  The  second  regime  occurs  within  the  first  2 s after  the 
rocket  is  launched,  and  furnishes  the  most  severe  environment  to  the 
power  supply  for  low— altitude  launches.  The  pneumatic  energy  supplied 
to  the  generator  then  exceeds  values  that  can  be  obtained  in  the 
laboratory  or  in  the  wind  tunnel;  hence,  field  tests  are  needed  in  this 
regime  to  verify  the  structural  integrity  and  voltage  output  of  the 
power  supply. 

This  report  is  divided  into  two  sections.  In  the  first  section, 
the  wind  tunnel  data  are  used  to  infer  the  operation  of  the  fluidic 
generator  near  the  apex  of  the  high-altitude  trajectory  where  pneumatic 
energy  is  a minimum.  The  only  data  used  are  from  portions  of  the  wind 
tunnel  profiles  that  correspond  to  conditions  expected  in  flight  along 
the  trajectory.  In  the  second  section  of  this  report,  an  analysis  is 
made  to  relate  laboratory  data  to  the  flight  conditions  near  the  apex 
and  thus  to  furnish  a method  of  predicting  the  generator  output  for  the 
high— altitude  portion  of  any  flight  profile.  More  extensive  use  is 
made  of  the  wind  tunnel  data  to  verify  the  method,  even  though  the  data 
do  not  always  correspond  to  expected  trajectory  points. 

2.  EVALUATION  OF  FLUIDIC  GENERATOR  OUTPUT  NEAR  APEX  OF  HIGH- ALTITUDE 

TRAJECTORY 

The  purpose  of  this  section  is  to  use  data  from  the  wind  tunnel 
test  to  infer  the  operation  of  the  fluidic  generator  in  flight  near  the 
apex  of  the  trajectory  that  furnishes  the  least  pneumatic  input  power 
to  the  generator. 

2 • 1 Relationship  of  Trajectory  to  Wind  Tunnel  Profile 

The  rocket  high-altitude  trajectory  (to  be  partially  simulated 
in  the  wind  tunnel)  is  shown  in  figure  2,  in  which  altitude  is  plotted 
versus  horizontal  range.  The  flight  Mach  (M)  number  and  total  pressure 
are  indicated  at  various  points.  Near  apex,  the  rocket  achieves  a 
minimum  altitude  of  62,500  ft  (19,050  m)  and  minimum  M = 1.39. 
Figure  3 shows  the  trajectory  plotted  in  terms  of  the  wind  tunnel 
parameters  of  Mach  number  versus  altitude.  The  Mach  number  range  of 
the  trajectory  is  from  1.39  to  2.72,  and  the  altitude  varies  from 
10,000  ft  at  firing  to  62,500  ft  at  apex  (from  3048  to  19,050  m) . 
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MACH  NUMBER 


Figure  2.  High- altitude  trajectory  (quadrant  elevation  = 50  deq 
firing  altitude  = 10,000  ft). 


Figure  3. 


Variation  of  Mach  number  with  altitude  on  trajectory 
elevation  - 50  deg,  initial  altitude  = 10,000  ft). 


(quadrant 
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MACH  NUMBER 


Figure  4 shows  the  conditions  attainable  in  the  wind  tunnel  on 
a plot  of  Mach  number  versus  altitude.  The  conditions  fall  along  lines 
of  constant  Mach  number,  which  correspond  to  the  four  fixed  nozzle 
blocks  available  for  use  in  the  tunnel. 


Figure  4.  Conditions  of  Mach  number  and  altitude  obtainable 
in  wind  tunnel. 


When  the  curves  on  figures  3 and  4 are  plotted  on  the  same 
graph,  the  points  of  intersection  (indicated  by  "x")  are  the  tunnel 
conditions  that  correspond  to  the  indicated  points  along  the  trajectory 
(fig-  5). 
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2.2  Hardware  and  Test  Procedure 


For  the  tests,  a reed- type  fluidic  generator  was  placed  inside 
an  ogive  and  mounted  on  a sting  within  the  wind  tunnel  (fig.  6) . 
During  the  tunnel  tests,  ram  air  enters  the  generator  through  a 
0. 5-in. -diam  (12.7-mm)  opening  in  the  ogive  nose,  and  exhausts  through 
24  orifices  of*  0. 106-in. -diam  (2.7  mm)  uniformly  spaced  around  the 
circumference  of  the  ogive.  The  electrical  output  supplied  to  an 
equivalent  fuze  circuit  is  monitored  from  leads  brought  from  the 
generator  out  of  the  tunnel  through  the  sting.  The  equivalent  fuze 
load  is  a 0.03-yF  capacitor  in  series  with  a 2.5-kohm  resistor. 

During  the  wind  tunnel  test,  total  pressure,  total 
temperature,  and  generator  voltage  were  monitored.  The  Mach  number  was 
established  by  the  nozzle  block  used.  The  altitude  was  then  computed 
in  terms  of  the  total  pressure,  temperature,  and  Mach  number. 


Figure  6.  Ogive  mounted  in  wind  tunnel. 
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2.3  Test  Results  and  Conclusions 


The  voltage  generated  at  each  of  the  trajectory  conditions  is 
shown  in  table  I.  These  points  are  also  plotted  on  the  high-altitude 
trajectory  in  figure  7. 


TABLE  I.  FLUIDIC  GENERATOR  OUTPUT  AT  POINTS  ON 
HIGH-ALTITUDE  TRAJECTORY 


Mach 

No. 

A 1 t i tude 
(1000  ft)a 

Equivalent  load 
voltage  (ac,  rms) 

2.3 

30.5 

109 

2.02 

4l  .0 

78.7 

1.76 

51-3 

49.2 

1 .50 

60.5 

33-5 

1 .50 

5*4.7 

35.4 

1.76 

35-0 

74.7 

aft  x 0-3048  = m 


Figure  7.  Fluidic  generator  output  voltage  measured  in  wind  tunnel 
at  points  of  high-altitude  trajectory. 
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It  is  apparent  from  ^figure  5 that  the  conditions  of  altitude 
and  Mach  number  at  the  apex  cannot  be  fully  simulated  with  the  Mach  1.5 
nozzle.  The  total  pressure  at  the  apex  is  3 lb/in.2 abs  (20.68  kPa)  at 
Mach  1.39  (fig.  2).  The  total  pressure  of  3 lb/in.2  abs  at  the  apex  can 
be  obtained  by  operating  the  tunnel  at  an  altitude  of  65,000  ft 
(19,812  m)  even  though  the  Mach  1.5  nozzle  is  used.  The  voltage  value 
obtained  at  3 lb/in.2  abs  (20.68  kPa)  Mach  1.5,  and  65,000  ft 
(19,812  m)  is  26.4  Vrms.  This  shows  that  the  fluidic  generator  will 
operate  over  the  apex  of  the  trajectory  and  produce  26.4  Vrms. 

The  voltage  and  current  supplied  to  the  fuze  electronics  may 
be  marginal  at  the  apex.  Further  development  of  the  generator  may  be 
required  to  increase  the  power  output  and  insure  adequate  operation  of 
the  fuze  at  high  altitudes. 

In  conclusion,  the  wind  tunnel  has  shown  that  the  fluidic 
generator  operates  throughout  the  worst-case  portion  of  the  trajectory 
and  produces  a minimum  of  26.4  Vrms  near  apex  where  the 
available  pneumatic  energy  is  minimal. 


3.  METHOD  OF  ESTIMATING  FLUIDIC  GENERATOR  OUTPUT  IN  FIELD  OR  IN  WIND 

TUNNEL 

This  section  deals  with  the  portions  of  the  trajectory  for  which 
the  supply  pressure  can  be  simulated  in  the  laboratory.  The  purpose  of 
this  study  is  to  provide  a means  of  measuring  the  output  of  the  fluidic 
generator  in  the  laboratory  to  estimate  the  output  in  flight  along 
specified  trajectories  or  in  the  wind  tunnel  under  conditions  in  which 
the  pneumatic  energy  available  to  the  fluidic  generator  is  a minimum. 

3-1  Dependence  of  Generator  Voltage  on  Supply  Mass  Flow  Rate 

The  basis  for  this  study  is  the  observed  dependence  of  voltage 
output  of  the  fluidic  generator  on  supply  mass  flow  rate.  The 
laboratory  apparatus  used  to  measure  the  mass  flow  rate  is  shown  in 
figure  8.  The  fluidic  generator  is  mounted  within  an  ogive  having  a 
inlet  port  at  the  nose  and  several  small  exhaust  ports  uniformly 
spaced  around  the  circumference  of  the  ogive.  The  ogive  is  clamped 
tightly  against  the  settling  chamber  tank.  The  mass  flow  is  adjusted 
by  means  of  the  regulator,  and  is  determined  from  the  flowmeter  and 
pressure  gauge  readings.  The  electrical  power  at  the  simulated  fuze 
circuit  load  is  measured  at  each  pressure  setting.  Typical  results  are 
shown  in  figure  9,  in  which  power  output  is  plotted  versus  mass  flow 
rate  for  a generator  in  an  ogive  having  a straight  inlet.  This  figure 
shows  that  the  generator  output  depends  on  the  mass  flow  rate. 
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Figure  8.  Laboratory  apparatus  for  measuring  fluidic  generator 
output  versus  mass  flow  rate. 


This  correspondence  between  fluidic  generator  output  and  mass 
flow  rate  can  be  used  to  estimate  the  voltage  available  in  flight.  The 
technique  is  approximate,  and  does  not  require  an  extensive  theoretical 
model  of  the  behavior  of  the  fluidic  generator  output  on  mechanical, 
electrical,  and  fluidic  variables.  The  main  assumption  is  that  the 
efficiency  of  conversion  of  pneumatic  to  electrical  energy,  if  not  a 
constant,  depends  only  on  the  mass  flow  rate.  The  laboratory  curve  of 
figure  9 contains  the  conversion  efficiency  implicitly,  and  is  assumed 
valid  for  values  of  mass  flow  rate  obtained  from  flight  or  wind  tunnel 
conditions.  In  the  following  sections  is  developed  a method  of 
calculating  the  mass  flow  rate  in  flight  as  a function  of  projectile 
velocity,  air  density,  and  flow  parameters  for  specified  flight 
conditions.  The  expected  voltage  in  flight  is  then  obtained  from 
figure  9,  using  the  calculated  mass  flow  rate.  The  effectiveness  of 
this  method  can  be  assessed  by  comparing  measured  and  predicted  voltage 
values  in  the  wind  tunnel,  where  the  range  of  variation  of  total 
pressure  and  altitude  is  greater  than  in  the  laboratory  or  in  low 
quadrant  elevation  trajectories. 
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POWER  OUTPUT  (W) 


Figure  9.  Fluidic  generator  power  output  versus 
mass  flow  rate  in  laboratory. 
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3 . 2 Theoretical  Model  for  Estimating  Mass  Flow  Rate 


3.2.1  Flow  Pattern  for  Flight 

Although  the  rocket  is  launched  from  rest,  it  attains 
supersonic  velocity  soon  after  reaching  a safe  separation  distance  from 
the  launcher,  which  is  within  1.5  s of  a 30-  to  120-s  flight 
trajectory.  Thus,  the  portion  of  the  trajectory  over  which  the  armed 
fuze  is  required  to  operate  is  entirely  in  the  supersonic  flow  regime. 

The  flow  patterns  for  supersonic  portions  of  the  flight  regime 
of  projectiles  similar  to  the  rocket  being  studied  are  described  in  the 
literature.  At  supersonic  speeds  (free-stream  Mach  number  > 1)  a bow 
shock  wave  occurs. 

The  bow  shock  wave  is  curved  and  detached  from  the  nose,  and 
there  is  a limited  region  of  subsonic  flow  between  the  apex  of 
the  bow  wave  and  the  body.  Further  downstream  the  flow  becomes 
supersonic  again  and  the  conditions  over  the  rear  of  the 
airfoil  are  similar  to  those  for  a sharp  leading  edge  and  an 
attached  bow  wave.1 

This  bow  shock  is  clearly  visible  in  a wind  tunnel  photograph  of  the 
high-altitude  rocket  ogive  (fig.  10) . 

As  the  rocket  Mach  number  increases,  the  shock  approaches 
ogive  nose.  The  transition  from  one  flow  pattern  to  another  is  gradual 
and  continuous,  provided  that  the  Mach  number  does  not  change  too 
rapidly.2 


For  a sphere  in  hypersonic  flow  at  M = 10.77,  the  bow  shock  is 
detached,  although  close  to  the  sphere.3  Since  the  high-altitude 
rocket  does  not  exceed  Mach  3 for  any  portion  of  its  trajectory,  the 
bow  shock  will  always  remain  detached  throughout  the  flight  regime. 


lD.  W.  Holder  and  A.  Chinneck , The  Flow  Post  Elliptic-Nosed 
Cylinders  and  Bodies  of  Revolution  in  Supersonic  Air  Streams,  The 
Aeronautical  Quarterly,  IV_  (February  1954),  317-340 . 

2A.  H.  Shapiro,  The  Dynamics  and  Thermodynamics  of  Compressible 
Fluid  Flow,  II,  New  York,  The  Ronald  Press  Co.  (1954),  88. 

3 Collane  Tinkler , Hypersonic  Flow,  New  York,  Academic  Press  (1960)  , 

65. 
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Mach  1 . 5 

P t = 4 lb/ in. 2 abs 


Mach  2.3 

= 50  lb/in.2  abs 


Figure  10.  Schlieren  pictures  showing  flow  pattern 
near  ogive  in  wind  tunnel 
(lb/in.2  abs  x 6.894.7  = kPa) . 

The  parameters  needed  to  calculate  the  mass  flow  passing 
through  the  projectile  are  the  fluid  density  and  velocity  in  the 
vicinity  of  the  stagnation  region  between  the  bow  shock  and  the 
projectile.  These  parameters  are  obtained  from  normal  shock  tables4  in 
terms  of  the  free-stream  conditions,  and  are  shown -in  figure  11  for  the 
high-altitude  rocket  ogive.  The  total  pressure  downstream  of  the 
normal  shock  is  Pt  and  P2  is  the  static  pressure  downstream  of  the 
normal  shock.  2 

4 Ames  Research  Staff,  Equations,  Tables  and  Charts  for  Compressible 
Flow,  National  Advisory  Committee  for  Aeronautics , Report  1135,  Moffet 
Field,  CA  (1953) . 
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BOW  SHOCK 


Figure  11.  Supersonic  flow  pattern  near 
ogive  showing  parameters  for 
calculating  mass  flow  rate. 


An  expression  for  the  mass  flow  rate  through  the  fluidic 
generator  nozzle  can  be  obtained  as  follows. 
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Consider  a variable  area  duct  (fig.  12)  in  which  isentropic 
flow  occurs.  The  mass  flow  rate  is  given  in  terms  of  the  flow 
conditions  at  station  (b) , which  corresponds  to  the  annular  nozzle  in 
figure  11,  by 


51  - pb  x \ x vb 

(ft2)  (ft/s)  ' (1) 

(1  slug  = 14.59  kg,  1 ft  = 0.3048  m) 


where : 

p is  the  static  density, 
b 

^ is  the  area  of  the  fluidic  generator  annular  nozzle,  .and 
v is  the  velocity  of  air  through  the  annular  nozzle. 


Figure  12.  Flow  conditions  along  streamline 
in  variable  area  duct. 
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To  express  pb  and  vb  in  terms  of  the  conditions  at  the 
entrance  of  the  ogive  (fig.  11) , the  right-hand  side  of  equation  Cl)  is 
multiplied  and  divided  by  p , Ca,  and  c^. 


In  isentropic  flow,  the  ratios  in  equation  C2)  may  be 
expressed  in  terms  of  the  pressure  ratio  (p/p  )by  the  following 
formulae  from  standard  isentropic  flow  tables.  b a' 


P 


b 


P 


a 


(3) 


and 


C 


b 


C 

a 


(4) 


(5) 


where  y = 1.4  is  the  ratio  of  specific  heat  capacities  for  air. 


These  relationships  can  be  substituted  into  equation  (2)  to 
furnish  the  following  expression  for  mass  flow  through  the  fluidic 
generator  in  terms  of  the  pressures  across  the  annular  nozzle  and  the 
area  of  the  annular  nozzle ; 
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In  terms  of  laboratory  units,  this  equation  is 


m = 175.215 


\ • (6b) 


(SCFM) 


(1  SCFM  = 577  x 10-6  kg/s) 


For  pressure  ratios 


r'-, 

— < ,0.5283 

I 


the  flow  in  the  annular  nozzle  is  choked,  and  further  reduction  in  the 

pressure  has  no  effect  on  the  mass  flow  rate,  which  then  depends 

only  on  the  inlet  conditions.  The  mass  flow  rate  for  choked  flow  is 

given  by  substituting  p /p  = 0.5283  into  equation  (6b),  or 

d a 


101.4  x p x c x 
a a 


(7) 


m 


(SCFM) 


3.2.2  Calculation  of  Mass  Flow  Rate  in  Laboratory 

In  the  laboratory  apparatus  shown  in  figure  8,  the  total 
pressure,  Psup»  in  the  settling  chamber  is  the  pressure  pa  at  the 
generator  inlet  (eq  6) . The  exhaust  port  conditions  cure  pOT,  pOT,  and 
Coo.  Since  the  exhaust  port  area  is  larger  than  the  nozzle  area,  the 
values  of  pressure  and  density  at  the  nozzle  (p,  and  Pj_)  are  assumed  to 
be  equal  to  the  ambient  conditions  (PE  = pm,  P£  = pj  at  the  exhaust. 
Hence,  equations  (6)  and  (7)  become,  for  the  laboratory  apparatus. 
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mLAB 

(SCFM) 


175.215 


Poo 

101.4  (p  C for  — - 0.5283  . 

V sup  sup  d/  P 

sup 


(8) 


For  the  laboratory, 

P 


YP 


P = ^UP  p , and  c = / — 
sup  P 00  sup  x p 


sup 


sup 


and  C = 


YP 

9 •**  n 


so  that  P C 

sup  sup 


= JL 


C sup 


(9) 


The  mass  flow  rate  in  the  laboratory  calculated  from  equations 
(8)  and  (9)  using  the  values 

^ = 0.068  in.2  (43.8  * 10~6  m2)  , 

Pm  = 0.002378  slugs/ft3  (1.225  kg/m3), 

P^  = 14.7  lb/in.2  abs  (101.35  kPa)  , (1° 

Cm  = 1117  ft/s  (340.46  m/s) , and 
Y = 1.4 

is  compared  with  measured  values  in  figure  13.  This  shows  that  the 
theoretical  model  can  be  used  to  calculate  the  mass  flow  rate  through 
the  fluidic  generator  in  the  laboratory. 
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Figure  13.  Comparison  of  measured  and  calculated  mass  flow  rate 
to  fluidic  generator  in  laboratory. 


3.2,3  Calculation  of  Mass  Flow  Rate  in  Wind  Tunnel 


In  the  wind  tunnel,  the  pressure  Pa  in  equation  (6)  is  the 
total  pressure  downstream  of  the  bow  shock  (fig.  11) • The  pressure 
PE  at  the  exhaust  ports  depends  on  the  air  properties  and  the  ogive 
shape.  Hence,  the  pressure  is  not  known  exactly.  As  in  the  laboratory 
case,  pE  is  assumed  to  be  equal  to  the  pressure  pfe  at  the  annular 
nozzle.  For  the  condition  of  choked  flow  through  the  nozzle,  p£  does 
not  affect  the  mass  flow  rate. 

For  the  supersonic  flow  regime  investigated  in  this  wind 
tunnel  test,  the  choked  flow  equation  for  the  mass  flow  rate  is 


m 


(SCFM) 


(11) 
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The  term  ( p ^ ct2j  for  stagnation  conditions  downstream  of 
the  bow  shock  can  be  evaluated  in  terms  of  the  free- stream  conditions. 
Mi,  p.  / and  T.  (temperature)  by 
*-l 


^ ' i1  * °-2M22 


R 


1716 


ft2 

S2.  °R 


gas  constant.  (13b) 


Substituting  (13)  into  (12)  gives 


The 

isentropic  flow 


above  ratios,  including 
tables  in  terms  of  Mj . 


M, 


2' 


are  available  from 
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3,2.4  Calculation  of  Mass  Flow  Rate  for  Flight 


For  estimating  mass  flow  rate  for  flight  conditions,  the 
given  variables  are  usually  free-stream  Mach  number  and  altitude. 
Atmospheric  pressure  and  speed  of  sound  can  be  obtained  in  terms  of 
altitude  from  standard  atmospheric  tables. 

Equation  (14)  can  be  expressed  in  terms  of  atmospheric 
conditions  by 

YPj  (lb/ft2)  lY P]  Y'  ( °2  ' 

pt*  ' c, (£t/a>  V\  V 


where  the  ratios  M2  are  obtained  from  the 

isentropic  flow  tables.  The  ratio  P2/Pt2  is  obtained  ^ terms  of 
M2  from  equation  (13b) . 

Thus,  the  mass  flow  rate  formula  for  choked  flow  for  flight 
conditions  is  equation  (11) , with  (pt2  Ct2)  given  by  equations  (15)  and 
(13b) , 


3.3  Method  of  Estimating  Generator  Voltage  in  Wind  Tunnel  or  in 

Flight 

The  apparatus  shown  in  figure  8 was  used  to  measure  the 
voltage  supplied  by  the  fluidic  generator  to  a 2.5«-kohm  load  versus 
mass  flow  rate.  A laboratory  calibration  curve  was  then  plotted  from 
the  data,  as  shown  in  figure  14.  In  this  curve  both  the  output  voltage 
and  supply  mass  flow  rate  are  measured  quantities.  The  mass  flow  rate 
can  be  calculated  for  given  wind  tunnel  or  flight  conditions  by  the 
methods  of  section  3,2.  The  voltage  corresponding  to  each  value  of 
mass  flow  rate  then  can  be  obtained  from  the  calibration  curve. 

This  was  done  for  the  measured  conditions  of  total  pressure 
and  total  temperature  in  the  wind  tunnel  at  Mach  1.5.  The  mass  flow 
rates  corresponding  to  the  tunnel  data  were  calculated  and  the  expected 
voltages  were  obtained  from  figure  14.  The  expected  voltage  is 
compared  with  the  voltage  measured  in  the  wind  tunnel  in  figure  15. 
The  agreement  is  exact. 

A close  estimate  of  the  voltage  also  can  be  obtained  by  using 
the  properties  of  the  standard  atmosphere  instead  of  the  total 
temperature  measured  in  the  tunnel.  In  figure  16,  the  mass  flow  rate 
is  calculated  for  wind  tunnel  runs  at  Mach  1.5,  1.76,  and  2.02. 


23 


Vrms 


Figure  14.  Laboratory  calibration  curve  for  fluidic  generator. 
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Figure  15.  Comparison  of 
expected  generator  voltage 
measured  in  wind  tunnel 
at  M = 1.5. 


Figure  16.  Comparison  of 
mass  flow  rate  calculated 
using  flight  and  wind 
tunnel  conditions . 
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temperature  values  for^eacfwrf^6  5'alJ'ulat*ons  used  the  measured  total 
calculations  Se  t^  related  n T ““  “*  t0tal  *>«*«*•.  T?e 
atmosphere , which  would  be  encountered  in6  TlTtT 

geu:in9  z Ltmospheric 

calibration  curve  of  fioure  14  v ^ would  be  estimated  from  the 
wind  tum,el  to  filah^,  , -Sh°"f  o1o““»  of  the 

6~  the  generator  *» 


This  method  was  developed 
of  the  high-altitude  trajectories, 
to  the  generator  is  a minimum, 
bow  shock  as  shown  in  figure  11 , 


for  use  at  conditions  near  the  apex 
w ere  the  mass  flow  rate  available 
and  where  the  flow  pattern  contains  a 


3.4 


Comparison  of  Expected  Voltage 

Tunnel  at  Higher  Mach  Numbers 


with  Voltage  Observed  in  Wind 


The  flow  pattern  shown  schematically  in  fioure  ll  i 

hi  Ll* 

it  is  possible  to  use  the  model  to  estimate  the  output  at  Se  MoXr 
Mach  numbers,  although  accuracy  is  reduced.  higher 

Mn  u The  model  has  been  used  in  figures  17  and  18  for  the  hioher 
Mach  number  data  from  the  wind  tunnel.  The  expected  and  meas^d 
generator  voltages  for  the  wind  tunnel  are  plotted  versus  fre“st«™ 

respectively^*  ”aCh  m“"barS  °£  1'7*  “d  2'02  in  17  «>d  16, 


3'5  Conclusions  Concerning  Method  for  Predicting  Generator  Output 

£jrss  z 

tothe  fl^df  hi9h'altltude  trajectory,  where  the  pneumatic  input  power 

Se  ! 9?nerlt0r  iS  a The  method  has  been  veSfiSTS 

the  wlnd  tunnel  up  to  Mach  2.02  and  tree-stream  total  pressures  up  £ 

20  lb/in.2  abs  (137  kPa) . The  method  can  be  used  to  prSict  Se  least 
^pected  output  in  flight,  so  that  actual  values  cESSed  £ 

ZZT  Pre6SUre  r“9e-  “•  Mth°d  best  It  1« 

__f®  total  pressures  where  the  assumptions  used  in  the 

in  the  laboratory . m°S fc  VSlld'  the  generator  output  can  be  verified 


26 


Figure  17. 


Figure  18. 


Comparison  of  expected  generator  voltage 
with  values  measured  in  wind  tunnel  at 
M = 1.76. 


Comparison  of  expected  generator  voltage  with 
values  measured  in  wind  tunnel  at  M = 2.02. 
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4.  SUMMARY  OF  WIND  TUNNEL  TEST  RESULTS 


Wind  tunnel  tests  conducted  at  NSWC  on  19  and  20  July  1977 
furnished  information  on  fluidic  generator  output  near  the  apex  of  the 
worst-case  trajectory  of  a proposed  high-altitude  rocket.  These  tests 
provided  data  that  were  used  to  relate  laboratory  calibration  data  to 
generator  output  in  flight. 

The  wind  tunnel  data  corresponding  to  points  on  the  worst-case 
trajectory  have  shown  that  the  fluidic  generator  operated  throughout 
the  test.  The  generator  output  voltage  was  a minimum  near  the  apex 
where  available  pneumatic  power  is  low. 

The  wind  tunnel  was  used  to  verify  a method  of  predicting  the 
fluidic  generator  voltage  in  flight,  given  a laboratory  calibration 
curve  of  generator  output  as  a function  of  supply  mass  flow  rate.  The 
method  developed  includes  a theoretical  model  for  calculating  the  mass 
flow  through  the  generator  in  flight  or  in  the  wind  tunnel.  The 
voltages  estimated  by  using  the  calibration  curve,  and  the  mass  flows 
calculated  for  the  expected  flight  conditions,  furnished  a low  estimate 
of  the  output,  when  compared  with  voltages  measured  in  the  wind  tunnel. 
The  method  was  verified  for  Mach  numbers  up  to  2.02  and  free-stream 
total  pressures  up  to  20  lb/in.2  abs  (137  kPa) . The  method  is 
especially  accurate  for  the  conditions  near  the  apex  of  the 
high-altitude  trajectory  where  the  mass  flow  available  to  the  generator 
is  a minimum.  The  latter  condition  was  most  desirable  for  the 
development  of  the  generator. 

Limitations  in  accuracy  at  the  higher  Mach  numbers  result  from  the 
assumptions  in  the  mass  flow  calculations,  which  are  less  accurate  at 
higher  Mach  numbers.  The  generator  configuration  used  in  the  wind 
tunnel  was  fired  aboard  5-in.  rockets  for  low-altitude  testing.  The 
results  of  that  test  can  be  found  in  the  GSRS-1  (General  Support  Rocket 
System)  field  test  summary  (3  October  1977,  Memorandum  from 
Carl  J.  Campagnuolo  to  R.  Goodman,  HDL) . 
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